Efficacy (A max ) Partial agonist activity (PAA) New insight for steroid receptor mechanism a b s t r a c t Conventional studies of steroid hormone action proceed via quantitation of the maximal activity for gene induction at saturating concentrations of agonist steroid (i.e., A max ). Less frequently analyzed parameters of receptor-mediated gene expression are EC 50 and PAA. The EC 50 is the concentration of steroid required for half-maximal agonist activity and is readily determined from the dose-response curve. The PAA is the partial agonist activity of an antagonist steroid, expressed as percent of A max under the same conditions. Recent results demonstrate that new and otherwise inaccessible mechanistic information is obtained when the EC 50 and/or PAA are examined in addition to the A max . Specifically, A max , EC 50 , and PAA can be independently regulated, which suggests that novel pathways and factors may preferentially modify the EC 50 and/or PAA with little effect on A max . Other approaches indicate that the activity of receptorbound factors can be altered without changing the binding of factors to receptor. Finally, a new theoretical model of steroid hormone action not only permits a mechanistically based definition of factor activity but also allows the positioning of when a factor acts, as opposed to binds, relative to a kinetically defined step. These advances illustrate some of the benefits of expanding the mechanistic studies of steroid hormone action to routinely include EC 50 and PAA.
Introduction
The mechanism of steroid hormone action has been studied for many years both for its immediate clinical relevance and as a paradigm for the differential control of gene transcription during development, differentiation, and homeostasis. These studies have been very productive and led to the general model in which steroids enter the cell by passive diffusion and bind to a specific intracellular receptor protein to form a receptor-steroid complex. After a still poorly understood step called activation, the activated complex associates with biologically active DNA sequences, called hormone response elements or HREs, and recruits a large variety of transcriptional cofactors. Some cofactors cause chromatin 0303-7207/$ -see front matter Published by Elsevier Ireland Ltd. doi:10.1016/j.mce.2011.05.030 reorganization while others increase or decrease the rates of transcription of the target genes to eventually alter the levels of specific proteins (Metivier et al., 2006; Lonard and O'Malley, 2007; Wu and Zhang, 2009 ). All of this has been accomplished over the last 50 years with innumerable elegant studies of how various factors alter the maximal amount of gene expression with saturating concentrations of steroid, which we call A max ( Fig. 1A ; see also Section 2.1).
More recently, it has become apparent that there are additional rewards from a broader view in which two other properties of steroid-regulated gene expression are examined. These are the doseresponse curves of agonists, which gives the steroid concentration required for half-maximal gene expression (EC 50 ) , and the amount of residual agonist activity displayed by almost all antisteroids, which we call the partial agonist activity or PAA ( Fig. 1A and C; see also Section 2.1) (Simons, 2003 (Simons, , 2006 (Simons, , 2008 (Simons, , 2010 . Two benefits of dose-response curves are well-known. First, these curves define the transcriptional responses over a range of steroid concentrations including physiological levels. This is the basis of steroid endocrinology and pharmacology and cannot be determined from studies with pharmacological concentrations of steroid that saturate the receptor. Second, it is now clear that the position of the dose-response curve, or the EC 50 , is not the same for all genes regulated by a specific receptor-steroid complex in different tissues (Mercier et al., 1983; May and Westley, 1988) . Originally, it was thought that the EC 50 was determined by the affinity of steroid binding to its cognate receptor (Munck and Holbrook, 1984) . In fact, such close correlations were initially interpreted as confirming that steroid-induced responses proceeded via binding to the receptor protein (Hackney et al., 1970; Rousseau and Baxter, 1979; Varmus et al., 1979) . The underlying causes for tissue-specific differences in EC 50 for the same receptor/steroid interactions are not fully understood but they are clearly relevant for the differential control of gene expression.
The PAA of an antisteroid, like the EC 50 of an agonist for gene induction or repression, was initially thought to be an invariant property of each antisteroid. More recently, the PAA has also been found to vary with the gene and cell or tissue. Thus, the antiestrogens tamoxifen and raloxifene often display different activities for different genes in assorted cell lines (Zajchowski et al., 2000) . Such observations have given rise to the concept of selective receptor modulator (SRM) steroids, which have different gene-selective properties in different cells and tissues. Again, the reasons for this behavior are poorly understood. Nevertheless, much research is now focused on finding new SRMs that only repress defined genes in selected tissues. This behavior would greatly reduce the undesirable side-effects of blocking all genes regulated by endogenous agonist steroids and should dramatically increase patient tolerance to endocrine therapies involving antisteroids.
Over the last decade, evidence has emerged that, in addition to tissue-or cell-specific properties that determine the EC 50 of agonists and the PAA of antagonists, processes exist by which the EC 50 and PAA of an individual gene can be altered within the same cell. This intracellular variation has been shown to be effected by changing the concentration of many of the numerous cellular factors (Simons, 2003 (Simons, , 2006 (Simons, , 2008 (Simons, , 2010 that are thought to participate in the multimeric complexes driving gene transcription (Metivier et al., 2006; Rosenfeld et al., 2006) . Thus factor concentration acts as a molecular rheostat that adjusts the EC 50 , and PAA, to any position in a continuum of activity values (Simons, 2003 (Simons, , 2006 (Simons, , 2008 (Simons, , 2010 . Importantly, even greater mechanistic information is available from studies of the dose-response curves under these conditions. Not only can factor concentration modify the EC 50 , PAA, and A max in a gene-selective manner within a cell but the modulatory activity of a factor is not constant and can vary with the parameter examined. Therefore, one or more of the three parameters can change and not necessarily in the same direction. These observations dramatically extend the possibilities for differential control of gene expression during development and for selective gene repression during endocrine therapy. At the same time, a new theoretical model of steroid receptor action is providing previously inaccessible mechanistic information when one quantifies the EC 50 and/or PAA in combination with A max . By examining how these quantities change with different concentrations of cofactor, one can now deduce the kinetic mechanism and location of action of a given cofactor or set of cofactors. Here we review several of these recent developments and consider the advances that they permit. The examples discussed are predominantly from our studies of glucocorticoid receptors because similar studies with other receptors are currently rare. However, the ability of the same factors to influence the induction parameters of other steroid receptors under less exacting conditions (Herdick et al., 2000; Wan et al., 2005; Yoon and Wong, 2006) suggest that the phenomena are general for all steroid receptors.
Results and discussion

Data analysis
An important component of analyzing the A max , EC 50 , and PAA of steroid-regulated gene expression is the presentation and interpretation of data. When only the A max is examined, it is customary to show both the basal activity without added steroid and the fully induced (or repressed) level. An alternative mode of conveying the same information is to give the fold induction along with the basal activity. While the EC 50 can be determined from a plot of the raw data (including basal activity) with multiple subsaturating concentrations of agonist steroid, it is difficult to readily compare the EC 50 for the induction of one gene under two conditions (or multiple regulated genes) when the raw data are plotted. One must subtract the basal level from the A max , divide this number by two, and add the resulting quotient to the basal level. The amount of steroid that corresponds to this calculated value is the EC 50 for that dose-response curve. This has to be repeated with the other dose-response curve before one can compare EC 50 s (Fig. 1A) . When the parameter of interest is the EC 50 , the task is much simpler (especially for readers of a paper) if the raw data are first transformed into percent of maximal activity, or A max , above the basal level, as is common in pharmacology. When this is done, each data point is reduced by the amount of the basal activity, divided by (A maxbasal activity), and multiplied by 100. The resulting data for two conditions gives two parallel curves, for which the EC 50 is simply determined by finding the steroid concentrations corresponding to 50% induction (Fig. 1B) . The difference in EC 50 s is even easier to determine. It is the distance between the two curves at the level of 50% of maximal activity. The A max and basal levels are lost in this mode of presentation but can be presented in the figure legend.
The residual activity of antisteroids is often given as a raw value along with the basal level activity (Fig. 1C) . In many instances, though, this antisteroid activity is displayed without reference to the maximal activity of the agonist under the same conditions (A max ). This approach can lead to erroneous conclusions because the activity of the antisteroid under condition B is often compared to that of the full agonist under condition A. To determine the PAA, the activity of the antisteroid must be compared to that of the full agonist under the same conditions. For example, the raw amount of agonist activity of the antisteroid in Fig. 1C under condition B is the same as that of the full agonist under condition A. This, however, does not make the antisteroid a full agonist. Under condition B, the activity of the full agonist increases more than that of the antagonist under the same conditions. Therefore, the antisteroid has less agonist activity, compared to the full agonist, under condition B than it has under condition A. The PAA has decreased under condition B. Again, this is most easily recognized if, as above for the dose-response curves, the data are expressed as percent of maximal activity above basal level (Fig. 1D) . Now the PAA, simply read off of the graph without the necessity of any mental gymnastics, is clearly lower under condition B than condition A. It should be remembered that the PAA, not the absolute activity of an antisteroid, determines how effective (or ineffective) an antisteroid is in blocking the activity of endogenous agonist steroid. For these reasons, all of the EC 50 and PAA results presented here will be in the above formats of percent of the A max above basal, which is the same as percent of maximal fold induction.
A max , EC 50 , and PAA can be separately modulated
Glucocorticoid receptors (GRs) affect almost every tissue in the body -from the induction of surfactant in the lungs of premature infants to the repression of the immune system. For this reason, GRs are an excellent model for examining the conditions under which the A max , EC 50 , and PAA of steroid-induced gene expression can be modified. For GRs, as for the other steroid receptors, it was long suspected that studies of A max would simultaneously yield answers to what controlled the EC 50 and PAA. This belief stemmed from the initially close correlation between EC 50 and steroid affinity for receptor and the observations that the higher affinity steroids yielded greater A max values (Raynaud et al., 1980) . At the same time, it was long thought that the PAA of antisteroids simply reflected a reduced efficiency of whatever factor(s) or process controlled that A max of full agonist steroids. Therefore, it was surprising to find that A max , EC 50 , and PAA could be separately regulated in primary human peripheral blood mononuclear cells (PBMCs) (Luo and Simons, 2009) . The levels of endogenous coactivator TIF2 in PBMCs were significantly reduced 48 h after transient transfection of siRNAs targeting TIF2 or the control protein, Lamin ( Fig. 2A) . Steroids were added during the last 8 h of tissue culture, after which the levels of three glucocorticoid inducible genes (GILZ, CD163, and THBS1) were determined by qRT-PCR using SybrGreen. Because only relative levels of each gene are available with SybrGreen, the fold induction was calculated. The fold induction is closely related to the A max when the basal levels are relatively constant. At the same time, the EC 50 and PAA with and without TIF2 siRNA were determined by the graphing procedures outlined above. As seen in Fig. 2B , the effect of reduced endogenous TIF2 protein varies with the gene examined. None of the parameters of CD163 are significantly affected. Interestingly, only some of the parameters of GILZ and THBS1 are influenced by lowering the level of TIF2. Furthermore, the affected parameters are not the same for the two genes. With THBS1, only the EC 50 is altered by a decrease in TIF2 protein.
With GILZ, only the EC 50 is not changed, although the decrease in fold induction is not quite statistically significant (P = 0.053). It thus appears that changing levels of cofactors can alter the A max , EC 50 , and PAA of endogenous genes under conditions that are physiologically relevant for humans. Furthermore, the ability of a factor to selectively modulate one or more induction parameters indicates that one set of molecular interactions can control A max and that, under at least some conditions, different interactions determine the EC 50 or PAA. A corollary is that the modulation of EC 50 and PAA will most likely require some protein surfaces and factors that are different from those involved in the modulation of A max . These new surfaces and proteins cannot be revealed by studies of A max and will require analyses of EC 50 and/or PAA.
We are not aware of any other studies like Fig. 2 where endogenous genes and proteins are examined in primary human cells. However, there have been numerous reports in which various transcriptional cofactors that influence A max can also alter the EC 50 and/ or PAA of androgen, estrogen, mineralocorticoid, progestin, and vitamin D3 receptors along with estrogen receptor b and thyroid receptor b2 (Simons, 2008 (Simons, , 2010 . Thus, it is reasonable to propose that this behavior of both gene-selective modulation of induction parameters and the ability to separately modify A max , EC 50 , and/ or PAA will be found to be general for all steroid/nuclear receptors.
Dissociation of receptor binding and biological function of cofactors
The discovery of coactivators, corepressors, and comodulators (NURSA Web Site (http://www.nursa.org/template.cfm?threadId= 10222&dataType=Q-PCR&dataset=Tissue-specific%20expression% 20patterns%20of%20nuclear%20receptors), Lonard and O'Malley, 2007) demonstrated that the A max of steroid receptors can be regulated by the association of these macromolecules. The above report that individual induction parameters can be differentially modulated, in some cases by mechanisms that may be different from those controlling A max , raises the question of whether the A max , EC 50 , and PAA could be altered via mechanisms other than cofactor binding. More specifically, if small molecules/drugs can change the interactions of receptor-bound cofactor with other components of the transcriptional machinery without altering the binding of cofactor to receptor, this would provide an exciting new avenue to influence steroid hormone actions (Simons, 2010) . Importantly, several reports have described small molecules that inhibit the changes in A max caused by transcription factors (Estebanez-Perpina et al., 2007; Parent et al., 2008; Hwang et al., 2009; Moore et al., 2010) .
The first suggestion that this approach would be possible with GRs came from studies on the effects of mutations in the ligand binding cavity that were selected, on the basis of X-ray studies (Bledsoe et al., 2002; Suino-Powell et al., 2008) , to discriminate between the binding of two glucocorticoids with very different molecular structures: Dex and DAC (Fig 3A) . Some of these mutations have relatively mild effects on the receptor binding affinity of either steroid (<6-fold decrease), with the apparent affinity of DAC being reduced less than that of Dex. Surprisingly, these same mutations decreased the potency (i.e., increased the EC 50 ) for induction of two exogenous reporter genes (GREtkLUC and MMTVLuc) in a steroid-dependent manner that was 15-to 90-fold greater than expected from the changes in steroid binding affinity. In most cases, the discrepancy was the greatest for Dex-bound mutant receptors (Fig. 3B ). These mutations are close to, and could perturb, the coactivator/corepressor binding pocket of GR to thereby alter cofactor binding. This might explain the changes in EC 50 because coactivators and corepressors competitively bind to GRs to modify the EC 50 of transactivation (Wang et al., 2004) . However, this explanation was discarded when no differences in the binding of the coactivator TIF2, or the corepressor NCoR, to mutant vs. wild type GRs complexed with either Dex or DAC were detected in two-hybrid bioassays . A clue to the increase in EC 50 came from studies with truncated GRs, in which the ligand binding domain (LBD) of GR is fused to the GAL4 DNA binding domain (DBD). The A max , EC 50 , and PAA of this chimera are regulated by TIF2, and other cofactors, just like the full length receptor (Cho et al., 2005) . This simplifies mechanistic studies because the AF1 transactivation domain of the N-terminal half of GR, which is much more active for determining the A max than the AF2 transactivation domain of the LBD, is no longer present. When exogenous TIF2 was added to whole cell transactivation assays with the mutant GAL/GR LBD chimeras, there was usually a much greater decrease in the EC 50 of DAC-bound than Dex-bound receptors (Fig. 3C) . These results, coupled with the above mentioned unchanged TIF2 binding, indicated that while the affinity of TIF2 for GR was not altered by the mutations in the LBD, another surface(s) of the GR-bound TIF2 was perturbed to modify the activity of TIF2. Furthermore, the data suggest that the alterations in tertiary structure of GR-bound TIF2 would be more severe with the Dex-bound than the DAC-bound mutants receptors. In turn, the proposed more disruptive conformational changes in TIF2 bound to the GR-Dex complexes would cause a greater decrease in those interactions of TIF2 with other transcriptional components that are critical for determining the EC 50 for gene induction.
Similar results have recently been reported for Ubc9 (Lee and Simons, 2011) , which is another modulator of GR induction properties (Kaul et al., 2002) . Using the above wild type and A625I GAL/GR LBD chimeras, the DAC-bound mutant receptor was shown to be much more responsive to added Ubc9 than the Dex-bound complex (Fig. 3D) even though all complexes bound Ubc9 equally well in co-immunoprecipitation assays (Lee and Simons, 2011). Thus, the A625I mutation not only causes a more dramatic decrease in A max with Dex than with DAC but also results in a significantly smaller increase in A max with added Ubc9. Similarly, the EC 50 of the mutant receptor without added Ubc9 is greater than that of the wild type GR with both Dex and DAC. However, with transfected Ubc9, the EC 50 of the A625I mutant decreases when bound with DAC while it increases with Dex The greater effect of Ubc9 on DAC-vs. Dex-bound mutant GRs was also seen for several endogenous genes, although the differences are manifested here only for A max (Fig. 3E ). This gene-and parameter-selective effect for endogenous targets is reminiscent of the above behavior of TIF2 in PBMCs. Collectively, these results suggest that the transcriptional activities of GRbound cofactors are sensitive to subtle changes in GR LBD tertiary structure in a manner that does not necessarily affect cofactor binding to GRs. Furthermore, it is reasonable to expect that this dissociation of factor binding and activity will occur with a wider diversity of GR-associated factors. EC 50 of GREtkLUC (S.E.M., n = 5-8) and MMTVLUC (S.E.M., n = 2) reporters induced by full length GR in (B) is altered by mutations in LBD in a manner that is sensitive to agonist structure (Dex vs. DAC) with no added cofactor. In (C), the EC 50 of a GAL-regulated reporter (FRluc) induced by wild type and mutant GAL/GR525C receptors plus Dex or DAC is selectively modified by the presence of cotransfected TIF2 (S.E.M., n = 5). Similarly, in (D), the A max , PAA of the antiglucocorticoid DM vs. Dex, and EC 50 of the FRluc reporter induced by wild type and mutant GAL/GR525C receptors plus Dex or DAC are differentially sensitive to the presence of cotransfected Ubc9 (S.E.M., n = 7). Two-tailed p-values vs. wt GR are ⁄ P < 0.05, ⁄⁄ P < 0.005, ⁄⁄⁄ P < 0.0005. (E) Variation in induction parameters of endogenous genes by wild type and mutant full length GRs in U2OS cells with and without exogenous Ubc9 depends upon steroid structure (Dex, DM, or DAC; S.E.M., n = 5-7 with Dex and DM and n = 4 with DAC) (from Tao et al., 2008; Lee and Simons, 2011) .
Aring
A variety of reports suggest that this action at a distance, with no obvious alteration of intervening structures, is more common than previously suspected (Clarkson et al., 2006; Hilser and Thompson, 2007) . For example, DNA binding of GRs stabilizes the GR AF-1 domain (Kumar and Thompson, 2003) while the DNA sequence can act as an allosteric ligand for transactivation by different mutant GRs independent of the DNA binding affinity of each GR (Meijsing et al., 2009 ). The A max of GR-regulated gene induction is sensitive to altered ligand structure without affecting the binding of TIF2 peptides (Biggadike et al., 2009 ). The Jun dimerization protein 2 (JDP2) binds to progesterone receptor LBD but affects activity of the progesterone receptor AF-1 domain (Hill et al., 2009 ). Thus it seems likely that the binding and modulation of GR transactivation properties can be separated for a variety of transcriptional cofactors. The generality of this behavior with other receptors remains to be established but including determinations of the EC 50 (and PAA) is a critical element in detecting the effects.
Why does the dose-response curve follow a first-order plot?
When considering steroid dose-response curves, two major questions are rarely addressed. First, what determines the shape of the sigmoidal dose-response curve? Second, why does the position, but not the shape, of the curve change with different concentrations of modulatory cofactor? With regard to the shape of the dose-response curve, steroid-regulated gene induction usually gives curves on semi-log plots that look like the standard sigmoidal curve of Michaelis-Menten kinetics. More precisely, such sigmoidal curves are first-order Hill-plot dose-response curves (FHDCs).
It is easy for a one step reaction, like steroid binding to receptors, to give a FHDC. It is extremely difficult for a multi-step process in which factors combine to form larger complexes, as expected in steroid induction of gene transcription, to give a FHDC. In an effort to address these issues in a semi-quantitative manner, we have constructed from first principals a mathematical model for steroid hormone action that involves a series of complex forming reactions (Kim et al., 2006; Ong et al., 2010) . The only precondition of the model is that complexes are relatively weakly bound and/or exist only transiently, both of which are biologically reasonable (Nagaich et al., 2004; Stavreva et al., 2004) . This model faithfully reproduces the FHDCs that are seen both for simple gene induction experiments and for more complex responses, such as seen with different concentrations of exogenous GR and the comodulator Ubc9 where the position but not the shape of the curves change (Ong et al., 2010; Chow et al., 2011) .
2.5. Information regarding where and how a factor acts as determined from studies of EC 50 and A max A significant consequence of the above mathematical model is that it can accommodate the addition of other reaction steps, as long as each reaction step being inserted has an output of product that defines a FHDC with respect to its input. With this restriction, any number of steps can be inserted anywhere in the overall sequence and the new sequence will still follow a FHDC. Furthermore, the model indicates that there will usually be one step after which the concentration of bound cofactor is negligibly small compared to the free concentration of that factor. This step is called the concentration-limiting step (CLS). The CLS is a mathematically defined step that can be loosely considered analogous to the more familiar rate-limiting step in enzyme kinetics but the CLS is not necessarily a rate-limiting step per se. Because the model analyzes a steady-state system with no input or output flux, such as steroidmediated gene induction in cells, it is not capable of revealing information about kinetic rates.
Analysis of the underlying equations for this model revealed that graphical methods can be used to determine the site of action (relative to the CLS), and kinetic nature of action, of any factor that changes the EC 50 and/or A max of the net reaction output (Ong et al., 2010; Chow et al., 2011) . The most frequently used plots are A max / EC 50 and EC 50 /A max . The different possibilities, depending on whether linear or non-linear plots are observed, are listed in a decision tree format in Fig. 4A . Additional decision points are (1) whether the y-axis intercept of the linear A max /EC 50 plot is equal to zero or is greater than zero and (2) whether the non-linear EC 50 /A max plot approaches a greater than zero value G or not. Given these graphical behaviors, the factor is identified as an activator (A) or one type of inhibitor (competitive
In many cases, the site of action of the factor, relative to the CLS, is also determined. Three points about this graphical analysis should be noted. First, one does not need to have any prior knowledge of how a factor works in order to use the graphical methods to determine the nature of factor activity and the position of its action relative to the CLS. Second, this information about a factor cannot be obtained by determining just the A max . EC 50 data are an obligatory component of the analysis. Third, to the best of our knowledge, this information is not yet obtainable by any other method. Assays such as chromatin immunoprecipitation, by itself (ChIP) and in combination with genome-wide sequencing of the binding sites (ChIP-seq), are powerful methods for determining when and where a factor binds (Metivier et al., 2003; John et al., 2008) . However, these and other methods are unable to determine when and where a factor acts. As is clearly shown by paused RNA polymerase II (Gilchrist et of a factor is often temporally separated from when it exerts its biological activity.
Characterization of factor activity via graphical analysis
An example of how this graphical analysis works is seen when considering the ability of the coactivator TIF2 to increase the A max and decrease the EC 50 of GR-mediated induction of luciferase protein from the exogenous reporter, GREtkLUC, in transiently transfected U2OS cells (Szapary et al., 1999; Simons, 2008; Chow et al., 2011) . The luciferase activity seen with five concentrations of TIF2 plasmid, cotransfected with a constant amount of transfected GR plasmid and GREtkLUC reporter, is plotted against the different concentrations of the synthetic glucocorticoid steroid, dexamethasone (Dex). Exact curve fits of the data to a first-order Hill plot were performed by Kaleidagraph (Synergy Software) to obtain the EC 50 and A max for each set of reaction conditions. The ratio of A max /EC 50 gives a straight line when plotted against the amount of transfected TIF2 plasmid Fig. 4B . The table in Fig. 4A indicates that further interpretation of Fig. 4B involves the decision point of whether the linear plot of A max /EC 50 has a y-axis intercept of zero or greater than zero. This, in turn, requires knowledge of the position of the y-axis, i.e., when factor = 0. The underlying mathematics specifies that all references to ''zero amounts of factor'' mean when the total amount of factor (exogenous AND endogenous) is zero. To determine the amount of endogenous TIF2, in units of transfected TIF2 plasmid, we compared by Western blotting the amount of TIF2 protein in U2OS cells without and with 20 ng of TIF2 plasmid (Fig. 4B insert) . Densitometric analysis indicated that the total TIF2 with 20 ng of TIF2 plasmid was 1.6-fold greater than that with no added plasmid. From this it can be calculated that the point of no TIF2 in the cells corresponds to À12.7 ng of TIF2 plasmid and that the true y-axis is located as indicated by the dashed line in Fig. 4B . This means that the y-axis intercept is >0. From Fig. 4A , we can now conclude that TIF2 acts as an activator after the CLS, or the mathematically indistinguishable action of a partial uncompetitive inhibitor before or at the CLS.
It is well known that TIF2 acts as a coactivator but the precise kinetic mechanism of action has not yet been defined. Every factor that increases A max is not necessarily an activator. For example, an inhibitor can be activating if it diverts the reaction scheme output from the ordinarily preferred, low efficiency/low yield step to a higher yielding step. The studies of Fig. 4 indicate that the coactivator activity of TIF2 in this system is indeed due to TIF2 acting as a kinetically defined activator. This is entirely consistent with the known properties of TIF2 (Bledsoe et al., 2002) . The present studies further locate the position of TIF2 biological activity as being after the CLS. We note that the CLS is only defined within a zero flux steady state context and hence does not make any definitive statement about rates of product formation for which the concept of a rate-limiting step would be applicable. Hence, the fact that TIF2 acts after the CLS suggests, but does not necessarily imply, that TIF2 acts after the rate-limiting step of the gene induction of Fig. 4 . All of the existing information regarding TIF2 action is limited to where in the reaction scheme TIF2 binds (e.g., Metivier et al., 2003) . Because the site of factor binding is not equivalent to the site of factor action (viz. paused RNA polymerase II), it is not yet possible to compare this new information to what previously has been described for TIF2. More precise localization of the site of TIF2 action is currently prevented by a lack of knowledge regarding the nature of the CLS. It has also not yet been demonstrated that the CLS is the same under all reactions conditions. Under most circumstances, we suspect that the CLS remains constant. In this case, similar analyses of other cofactors for GR-regulated gene induction in the same cell will be able to construct an ordering of the actions of the different factors relative to the CLS.
Conclusions
This review discusses new mechanistic information about glucocorticoid receptor action that has recently been obtained by considering steroid potency (or EC 50 ) of agonists and the partial agonist activity of antagonists (PAA) in addition to the classical endpoint of A max for agonists. First, these three parameters can be independently influenced by factor concentration for endogenous genes in primary human cells. This suggests that different interactions, and probably different factors, can modulate A max , EC 50 , and PAA under conditions that are relevant to human physiology. Thus, substantial realms of GR action will be missed if only changes in A max are followed. Conversely, these results suggest that one parameter, such as the PAA of an antisteroid being used in endocrine therapy, can be selectively modified. This would be a major advance in efforts to use antagonists to block agonist steroid induction of one gene, or in one cell type, while preserving most of the desired functions of the endogenous hormone. An example would be in limiting antiestrogen action to only preventing breast cancer tumor growth. Second, factor binding is not the only method by which the final activity of GRs can be modulated. Studies with mutant GRs suggest that changes in cofactor conformation, independent of cofactor binding to GRs, can modify the final induction parameters. These results offer the possibility of cofactors, and other downstream participants of GR-regulated gene expression, being targets for therapeutic intervention (Simons, 2010) . This greatly expands the number of available targets for pharmaceuticals, which in turn significantly increases the probability of finding new clinically useful compounds. Third, a new theoretically based model of steroid hormone action that correctly predicts several properties of GR action (Ong et al., 2010 ) is shown to be able to deduce both the kinetic mechanism of action of a factor and where it acts, relative to the CLS. This was demonstrated for the known coactivator TIF2 and should work for any factor that modifies the A max and/or EC 50 of GR-regulated gene expression. To the best of our knowledge, this information is not obtainable by any other existing methodology. This approach will also be able to put on a firm mechanistic footing those questions that are not easily resolved by studies of A max alone, such as the precise activity of a factor that increases gene repression. An additional benefit would be in suggesting drug targets that would have fewer side-effects. Clearly, inhibiting a factor acting after the CLS would evoke fewer unwanted reactions than blocking a factor functioning at an earlier step, before the CLS.
It has long been known that the EC 50 for gene induction is not constant in different cells for a given receptor-steroid complex . These values were then used to plot A max /(100 Â EC 50 ). The straight line represents the computer-generated best fit (R 2 = 0.94). The insert in B shows the Western blots with anti-TIF2 antibody of lysates from cells that had been transfected under the parallel conditions with 0 or 20 ng of TIF2 plasmid. From these data, it can be determined that the true y-axis is as indicated by the dashed vertical line (see text for details) (from Chow et al., 2011) . (Simons, 2003 (Simons, , 2006 (Simons, , 2008 (Simons, , 2010 . More recently, it has been established that changing levels of cofactors also alter the EC 50 of the same gene in the same cell by the same receptor-steroid complex. These unpredicted differences in gene regulation are clearly important for understanding differential gene expression during development, differentiation, and homeostasis. Thus, it very important to know ''HOW'' this modulation occurs. From the examples discussed in this review, it is evident that limited information is available from studies of steroid receptor action with saturating, pharmacological levels of steroid to determine the effects on A max . Not only are saturating concentrations of steroid rarely encountered in physiology but also additional studies of EC 50 and PAA reveal mechanistic insight that cannot be abstracted from studies of A max alone. Most studies of steroid hormone action have concentrated on A max for two apparent reasons. First, they are simpler to conduct than those examining PAA and especially EC 50 . Second, and more scientific, has been the assumption that anything reducing or increasing the A max at saturating steroid concentrations would have similar effects at subsaturating concentrations. Numerous studies now challenge this assumption and indicate that very different effects via different mechanisms are often seen not only at subsaturating, physiological concentrations of steroid but also for the different parameters, A max , EC 50 , and PAA. The methods of Fig. 4 have recently been dramatically expanded in a manner that appears capable of screening previously ignored factors for involvement in far downstream steps of GR-mediated transactivation (Chow et al., 2011) . The closer these steps are to the final biological response for the gene of interest, the greater the prospect of selective control of hormonal therapies in the clinical setting. Thus, the major advantages of expanding one's experimental horizon to include EC 50 and PAA may yet to be realized.
